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Abstract

coding and teleportation.

transfer, Hyperentangled quantum network

Exploiting the fantastic features of quantum mechanics, a hyperentangled quantum network encoded in multiple
degree of freedoms (DOF), e.g., polarization and orbital angular momentum DOFs, can encode more qubits per
transmitted photon and offers a promising platform for many dramatic applications. Here, we demonstrate such a
hyperentangled multiuser network with a fully connected network architecture by using dense wavelength division
multiplexing and entanglement transfer technique. Three hyperentangled states in polarization and time-energy
DOFs are multiplexed to three single mode fibers to form the fully connected network architecture. Then, three
interferometric quantum gates are utilized for transferring quantum entanglement from time-energy to orbital
angular momentum DOF. The experimental results reveal a high quality of the hyperentanglement of the
constructed network with the entangled state fidelity of higher than 96%. Our approach can provide a novel way to
construct a large-scale hyperentangled network that can support various kinds of quantum tasks like superdense
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1 Introduction

As the intriguing quantum mechanical characteristic,
quantum entanglement is at the very heart of many
quantum-information tasks [1-4], such as quantum re-
peaters [5], teleportation [6, 7], entanglement swapping
[8, 9], quantum key distribution (QKD) [10—12], quantum
secure direct communication (QSDC) [13], and quantum
steering [14]. Thus far, as the quantum information tech-
nology has gradually reached a mature level [15-17], how
to realize a large-scale quantum communication network
effectively has become a thriving research field [18-20].
Entanglement based quantum network offers the promise
platform for many dramatic applications, such as dis-
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tributed quantum computation [21], quantum sensing
[22], multiuser QKD [23], and free-space QSDC [24, 25].
Experimental advances in entanglement-based quantum
technique lays the foundation for constructing a fully con-
nected quantum Internet, which may revolutionize the
way of information exchange in the future. Recently, the
fully connected quantum communication network based
on quantum entanglement has attracted much attention in
constructing a large-scale metropolitan network [26-28].
Such type of network configuration enables multi users’
communication with each other at the same time when
minimizes the infrastructure and hardware.

In a future quantum network, quantum processor could
enable heterogeneous quantum nodes to establish an en-
cryption key with each other, relying on quantum entan-
glement encoded in various DOFs, such as orbital an-
gular momentum (OAM), polarization, and time-energy.
To date, there are already several categories of fully con-
nected network encoded in single DOF, such as polariza-
tion [26, 27], time-energy [11] and time bin [29]. Among
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these DOFs, the technique of polarization entanglement
has reached a mature level, and polarization-entangled
states have played an important role in quantum com-
munication [30-32] and quantum computation [33]. Re-
cently, OAM entanglement has attracted much attention
due to its unique characteristic in phase intensity profile
and the fantastic feature of high dimension [34—36]. More-
over, hyperentanglement in multiple DOFs enables sig-
nificant enhancement of information capacities and has
stimulated new quantum protocols [37]. The higher data
capacity and stronger error resilience make it an attrac-
tive candidate for many quantum-secure information pro-
cessing such as dense coding [31, 32], entanglement dis-
tillation [38], and superdense teleportation [39]. Hyper-
entanglement in polarization and OAM DOFs has great
potential for long-distance quantum information applica-
tions. A multiuser fully connected network based on hy-
perentanglement in polarization and OAM would provide
a promising platform that can support the end users per-
form multiple quantum tasks [40]. However, the imple-
mentation of an OAM entanglement-based multiuser net-
work is still challenging, mostly owing to the difficulty of
preparing multi-channel OAM entangled states. How to
flexibly construct a hyperentangled network in polariza-
tion and OAM DOFs become an important issue for con-
structing a multi-function quantum network.

Here, we proposed a hyperentangled multiuser network
with a fully connected network architecture encoded in
polarization and OAM DOFs. By using a polarization en-
tangled source and dense wavelength division multiplex-
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ing (DWDM) technique, three hyperentangled states in
polarization and time-energy DOFs are multiplexed to
three single mode fibers to form the fully connected net-
work architecture. Then, three interferometric quantum
gates consisting of a Mach-Zehnder interferometer (MZI)
with spiral phase plates (SPP) inserted in different paths
are utilized for transferring quantum entanglement from
time-energy to OAM DOFEF. The two-photon interference
visibility is measured to be higher than 95% for both po-
larization and OAM entanglement, revealing a high qual-
ity of hyperentanglement in these two DOFs of the con-
structed network. Our approach can provide a novel way
to construct a large-scale hyperentangled network and is
expected to play important roles in long-distance quantum

communication.

2 Construction of the network architecture

The topology architecture of the hyperentangled network
can be interpreted as the combination of a physical layer
and a quantum correlation layer, as depicted in Fig. 1(a)
and (b), respectively. The physical layer includes all the
tangible components shown in Fig. 1(c). The quantum
processor prepares hyperentangled states and distributes
them to the end users, which forms the quantum corre-
lation layer shown in Fig. 1(b) and enables the end users
communicate with each other. Each user is equipped with
a hyperentanglement analysis module to characterize the
received polarization and OAM hyperentangled states.
The experimental setup of the physical layer is depicted
in Fig. 1(c), which consists of a polarization and time-
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Figure 1 Network architecture and experimental setup. (a) Structure of the physical topology of the network. (b) Structure of the quantum
correlation topology of the network. (c) Experimental setup for hyperentangled three-user network. EDFA, erbium doped fiber amplifier; PPLN,
periodically poled lithium niobate; OC, optical collimator; QWP, quarter wave plate; HWP, half wave plate; DM, dichroic mirror; DPBS, dual-wavelength
polarization beam splitter; SLM, spatial light modulator; SPP, spiral phase plate; PBS, polarization beam splitter; BS, 50:50 beam splitter; DWDM, dense
wavelength division multiplexing filter; SSPD, superconducting nanowire single photon detector
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Figure 2 Wavelength multiplexing and temporal cross correlations. (a) Independently measure transmission of all the wavelength channels during
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energy hyperentangled source, wavelength division de-
multiplexing and multiplexing modules, and time-energy
to OAM entanglement transfer interfaces. A narrow-band
continuous-wave laser at 1551.74 nm amplified by an
erbium-doped fiber amplifier is frequency doubled in a
periodically poled lithium niobate (PPLN) waveguide by
second-harmonic generation. The remanent pump laser
is suppressed by a wavelength division multiplexing filter
with an extinction ratio of 180 dB. The second harmonic
is launch into a Sagnac-type setup to bi-directionally
pumped another PPLN waveguide through spontaneous
parametric down-conversion (SPDC) process, generat-
ing polarization Einstein-Podolsky-Rosen pairs in the Bell
state: |¢+)spin = 1/\/§(|H>S|H>l + |V>S|V>l) The type'o
SPDC process converts one second harmonic photon at
775.87 nm to a co-polarized signal and idler photons in
the telecommunications C-band. The entangled photon
pairs are separated from the second harmonic by a dichroic
mirror and coupled into a single mode fiber. Owing to the
weak dispersion property of PPLN in the telecommuni-
cation band, the entangled source spans a full width at
half maximum of over 100 nm, covering the whole telecom
C- and L-band. The spectrum of the photon pairs is sym-
metric with respect to the central wavelength of 1551.74
nm and manifests strong frequency correlation due to the
photon energy conservation during the SPDC. Consider-
ing that time-energy entanglement is an inherent feature
of the photon pairs generated via continuous-wave laser
pumped SPDC process [41], the quantum states generated
in the Sagnac-loop are hyperentangled in polarization and
time-energy DOFs.

To implement the fully connected network architecture
with three users, a minimum of three quantum corre-
lated photon pairs are required. We use cascaded 100-
GHZ DWDM filters to divert the signal and idler photons

into six standard international telecommunication union
channels, i.e., CH29 to CH31 for signal and CH33 to CH35
for idler. Three DWDM filters are utilized to multiplex
two specific channels into one single-mode fiber for each
of the three users, ensuring they share a different hyper-
entangled state with every other user. Figure 2(a) shows
the transmissions of the six wavelength channels during
the construction of the network architecture, which shows
a high transmittance for each channel and predicts a high
signal-noise-ratio of the network system. To characterize
the performance of the constructed network, we firstly
measure the temporal cross-correlation function among
three users after the wavelength allocation. The photons
are detected by superconducting nanowire single-photon
detectors (SSPD) with the detect efficiency of over 80%
and dark count rate of less than 40 per second. The de-
tection events of the SSPDs are recorded by a time corre-
lated single-photon counting and the coincidence window
during the measurement is set to be 500 ps. Figure 2(b)
shows the experimental results of all the quantum cor-
relations among three users. There are three coincidence
peaks in the temporal cross-correlation histogram, from
which one can identify each entangled pair according to
different peak positions. The results mean that any two
users share one pair of entangled photons with each other,
which indicates a fully connected topological graph has
been established.

3 Entanglement transfer from time-energy to OAM
DOF

Having confirmed the construction of the fully connected

network architecture, we next concentrate on the imple-

mentation of hyperentangled state in polarization and

OAM DOFs. Before the entanglement transformation, it
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Figure 3 Experimental results for time-energy and OAM entanglement. (a) Two-photon interference fringes for time-energy entanglement. Each
data is the average coincidence count per second. The error bars represent one standard deviation. (b) The real and imaginary parts of the
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is important to confirm that the network provide high-
quality time-energy entanglement in all available channel
pairs. We characterize the time-energy entanglement of
each entangled link by measuring the Franson-type inter-
ference patterns [42]. Every wavelength multiplexer sends
all the received photon channels into an unequal path-
length MZI with a path delay A¢ of 1 ns controlled by a
piezo-actuated displacement platform. At the output of
the interferometers, an arrival-time-difference histogram
with three peaks can be recorded for each entangled link
due to all the possible path combinations. The central peak
records the coincidence events that both signal and idler
photons pass through the same delay time, corresponding
to the state: 1/+/2(|t1)s|t1); + |£2)s]£2):), where |£1) and |£,)
represent the short arm and long arm of the MZIs. We
measure the visibilities of Franson-type interference pat-
terns for all entangled links by sweeping the relative phase
of one interferometer. Figure 3(a) shows the typical exper-
imental results for the entangled photon pairs shared by
Alice and Bob. The two-photon interference fringes under
two non-orthogonal phase bases are measured by setting
the phase of the MZI in the idler channel at 0 and 37/2
while varying the phase of the signal. During the measure-
ment, a continuous-wave laser is injected into the MZIs
as feedback to stabilize the phase of interferometers. We
achieve an average visibility of V = (96.6 & 0.4)% for three
entangled links, which strongly suggests time-energy en-
tanglement.

To effectively construct a polarization and OAM hyper-
entangled network, we transfer the time-energy entangle-
ment to OAM entanglement using three interferometric
quantum gates consisting of MZIs and SPPs. Six SPPs with
specific topological charge serving as mode shifters are in-
serted into the two paths of each MZI to form interfero-
metric quantum gates. When the entangled photons with
Gaussian mode transmit through the SPP, their azimuthal

phase would acquire a phase factor exp(i{9), and their pro-
files become OAM mode of §, where J is an integer and
represents the topological charge. Due to the OAM mode
conversion, the photons passing through the short path
carry an OAM of ;7 when leaving the interferometer,
while the OAM of the other becomes J»#. After precisely
adjusting the relative phase of the MZIs, one can obtain
a hyperentangled state in OAM and polarization DOFs as
the form of:

1
) = E(nl)slil% +(32)s132)1)
® (IH)s[HYi + |V)s| Vi)

With flexibility and adaptability, we experimentally con-
struct the maximally entangled states [p*)omit =
1/4/2(11)5]1); + | = 1)5] — 1);) in OAM DOF for all the en-
tangled links. Three SPPs with an OAM mode of | =1 are
respectively inserted into the short arms of the MZIs of
signal and idler photons while another three SPPs with an
OAM mode of J = -1 are inserted into the long arms. In
this way, the polarization and time-energy hyperentangled
states are transferred into the polarization and OAM hy-
perentangled states. Finally, the hyperentangled states are
distributed to the end users via free space channels, and
each user is equipped with a polarization entanglement
detection module and an OAM entanglement detection
module to analysis the hyperentanglement.

4 Measurement of OAM and polarization
hyperentanglement

To ensure the end users can perform various kinds of

quantum tasks, it is vitally important for the quantum pro-

cessor to provide high-quality entanglement in all avail-

able channel pairs. Next, we characterize the performance

of the constructed network in term of hyperentanglement
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Figure 4 Experimental results for OAM entanglement. (a) Typical two-photon interference fringes of the OAM entangled state shared by Alice and
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of polarization and OAM. To demonstrate the versatility
and full reconfigurability of our approach, we investigate
the OAM entanglement of the correlative links among the
three users. The OAM entanglement detection module for
each user consists of a spatial light modulator (SLM), a
single-mode fiber and a SSPD. The SLMs are utilized to
flatten the spiral phase of OAM entangled photons and
convert their transverse intensity profile to an Airy-like
pattern so that they can be coupled into single mode fiber.
Owing to the polarization dependence of the SLMs, a half-
wave plate (HWP) is leveraged to switch to detect the hor-
izontally or vertically polarized photons. To fully charac-
terize the established OAM states, we measure the fidelity
for each frequency correlated photon pair of the network
by performing a quantum state tomography. During the
measurement, both the horizontally and vertically polar-
ized photons are successively detected controlled by the
HWP. Figure 3(b) shows the typical density matrix recon-
structed by using the maximum likelihood estimation for
the entangled photons with horizontal polarization shared
by Alice and Bob. After reconstructing the density matrix,
we calculate the fidelity of the OAM entangled states rel-
ative to the ideal Bell state |opi¢) for all available channel
pairs of the network. We obtain the average fidelity F =
(Worbit| 0| Worbit) = (96.6 £ 0.6)%, which reveals the high-
quality of the constructed OAM states. Then, we further
measure the two-photon interference fringes to charac-
terize the OAM entangled states. For this measurement,
the OAM-entanglement visibility is measured in two mu-
tually unbiased bases |D), = 1/4/2(]1) + | = 1)) and |L) =
1/+/2(11) + i| — 1)) by loading the corresponding phase
masks to the SLMs for signal photons. Two-photon coin-
cidences are recorded as a function of the rotation angle
6 of state |0), = 1/4/2(e?|1) + | — 1)) projected to the

idler photons. The interference patterns can be obtained
when scanning 0 from 0 to 27 by the phase masks applied
to the SLMs for idler photons. The typical interference
patterns for the entangled photons with horizontal polar-
ization between Alice and Bob is shown in Fig. 4(a). Be-
sides, we measured the visibility of all three entangled links
for both horizontal and vertical polarization in two mu-
tually unbiased bases mentioned above. The experimen-
tal results are shown in Fig. 4(b). The average fringe vis-
ibility for all the OAM entangled states is obtained to be
V =(95.9 &+ 0.9)%, which exceeds the 71% local bound of
the Bell’s inequality and convincingly reveals the existence
of entanglement. These results prove the OAM entangled
network has been constructed well through the scheme of
entanglement transfer.

Then, we concentrate on the analysis of polarization
entanglement in all available channel pairs. To unequiv-
ocally verify quantum mechanical correlations in polar-
ization DOF, a quarter-wave plate (QWP), a HWP, and
a cubic PBS are utilized to perform the projected mea-
surements for the polarization entangled states. A SPP is
used to eliminate the spatial mode of the correlated pho-
ton pairs so that they can be effectively coupled into the
single mode fibers. First, the quantum state fidelity of all
the polarization-entangled states is measured by using the
standard quantum-state tomography technique. After re-
constructing their density matrixes using the maximum-
likelihood estimation, we calculate the average fidelity of
the polarization entangled states compared to the ideal
Bell state [Ypin) to be F = (Ypinlo|¥spin) = (96.3 £ 0.8)%.
Using the standard coincidence measurement technique,
we record the two-photon interference fringes in terms of
photon coincidence under two nonorthogonal projection
bases, H/V and D/A (diagonal and antidiagonal). We fix
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the angle of the HWP of idler photons at 0 and 22.5, re-
spectively, and measure the two-photon coincidence count
as a function of the HWP rotation angle of signal photons
for each entangled photon pair. Figure 5(a) shows the typ-
ical interference patterns for polarization entangled state
shared by Alice and Bob. We measured the two-photon
interference visibility for polarization entanglement of all
three entangled photon pairs, withan OAM mode of = 1
and i = -1, in two mutually unbiased bases mentioned
above. The experimental results are shown in Fig. 5(b). We
obtain an average fringe visibility of V = (95.6 £ 0.7)%,
which exceeds the 71% local bound of the Bell’s inequal-
ity and reveals the existence of polarization entanglement
in all available channel pairs. The results convincingly
demonstrate that the polarization-entangled network ar-
chitecture has been successfully constructed owing to the
Sagnac-loop and DWDM technique.

5 Discussion

The experimental results from two experiments above
confirm the hyperentanglement nature of the quantum
states in all available channel pairs, meaning that our fully-
connected network can provide high-quality entangled
states in polarization and OAM DOFs simultaneously.
In other words, we have successfully realized a proof-
of-principle demonstration of a quantum hyperentangled
network encoded in polarization and OAM DOFs. It is
worth noting that the time-energy and OAM DOFs be-
long to high dimensional Hilbert space. One can prepare
the high-dimensional OAM entangled states through en-
tanglement transfer from time-energy to OAM DOF by
inserting relative SPPs into multi-arm unbalanced inter-
ferometers, which is promising in constructing a high-
dimensional OAM entangled network. Besides, the scale
of the network can be easily expanded by multiplexing

more wavelength channels into one transmission link us-
ing DWDM technique, and new users can be added to the
network architecture without changing the users’ hard-
ware while maintaining the network’s performance. When
the number of end users grows to be large, the quan-
tum system for a fully-connected hyperentangled network
would be complicated, which makes it difficult to improve
the security distance of the network. At this time, powerful
quantum repeaters are necessary to implement the func-
tionality of a quantum Internet [21] with multiusers. To
date, it is still challenging to achieve a practical quantum
repeater. One solution is to use secure-repeater network
based on QSDC [43], which provides a way of quantum
interconnection in the future quantum Internet.

6 Conclusion

We implement a hyperentangled multiuser network en-
coded in polarization and OAM DOFs with a fully con-
nected network architecture by using the DWDM and en-
tanglement transfer technique. During the experiment,
three hyperentangled states in polarization and time-
energy DOFs from a Sagnac-type setup are multiplexed
into three single mode fibers to form the fully connected
network architecture. Then, three interferometric quan-
tum gates consisting of a MZI with two SPPs inserted
in different paths are utilized for quantum entanglement
transfer from time-energy to OAM DOF. The two-photon
interference visibility is measured to be higher than 95%
for both polarization and OAM entanglement, revealing
a high quality of the hyperentanglement in polarization
and OAM DOFs of the constructed network. The scheme
based on entanglement transfer has potential applications
in high-dimensional quantum communication tasks since
the time-energy and OAM DOFs belong to high dimen-
sional Hilbert space. Our approach can provide a novel
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way to construct a large-scale hyperentangled network
that can support various kinds of multiuser quantum com-
munication tasks, such as multi-DOF quantum entangle-
ment swapping, superdense coding, and teleportation.
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